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a  b  s  t  r  a  c  t

A  fast,  simple,  and a  reliable  high-performance  liquid  chromatography  linked  with  electrochemical  detec-
tor  (HPLC–ECD)  method  for the  assessment  of  lipoic  acid  (LA)  and  dihydrolipoic  acid  (DHLA)  in plasma
was developed  using  naproxen  sodium  as an  internal  standard  (IS)  and  validated  according  to  standard
guidelines.  Extraction  of  both  analytes  and  IS  from  plasma  (250  �l) was  carried  out  with  a single step
liquid–liquid  extraction  applying  dichloromethane.  The  separated  organic  layer  was  dried  under  stream
of nitrogen  at 40 ◦C  and the  residue  was  reconstituted  with  the  mobile  phase.  Complete  separation  of
both  compounds  and  IS  at 30 ◦C  on Discovery  HS  C18  RP  column  (250  mm  × 4.6  mm,  5  �m)  was  achieved
in  9 min  using  acetonitrile:  0.05  M phosphate  buffer  (pH  2.4  adjusted  with  phosphoric  acid)  (52:48,  v/v)
as  a mobile  phase  pumped  at flow  rate of  1.5  ml  min−1 using  electrochemical  detector  in DC mode  at  the
detector  potential  of 1.0  V.  The  limit  of  detection  and  limit  of  quantification  for  lipoic  acid  were  500  pg/ml
and  3  ng/ml,  and for dihydrolipoic  acid were  3  ng/ml  and  10 ng/ml,  respectively.  The  absolute  recoveries

of  lipoic  acid  and  dihydrolipoic  acid  determined  on  three  nominal  concentrations  were  in  the  range  of
93.40–97.06,  and  93.00–97.10,  respectively.  Similarly  coefficient  of  variations  (%  CV)  for  both  intra-day
and  inter-day  were  between  0.829  and  3.097%  for lipoic  acid  and  between  1.620  and  5.681%  for  dihy-
drolipoic  acid,  respectively.  This  validated  method  was  applied  for the  analysis  of  lipoic  acid/dihydrolipoic
acid  in  the  plasma  of human  volunteers  and  will  be used  for  the  quantification  of these  compounds  in
patients  with  oxidative  stress  induced  pathologies.
. Introduction

Alpha lipoic acid (ALA), is a derivative of octanoic acid and is also
nown as thioctic acid. Chemically it is, 1,2-dithiolane-3-valeric
cid or 6,8-dithiolane octanoic acid, or 6,8-thioctic acid. It is found
aturally in both plants and animals [1–4]. Alpha-lipoic acid (LA)
nd its reduced form dihydrolipoic acid (DHLA) is the crucial uni-
ersal antioxidant redox couple of human body [4,5]. The chemical
tructures of LA and DHLA are presented in Fig. 1a and b, respec-

ively.

The universal antioxidant redox couple of �-lipoic
cid/dihydrolipoic acid plays the key role in human health by

∗ Corresponding author. Tel.: +92 91 9239619; fax: +92 91 9218131.
E-mail address: zafar iqbal@upesh.edu.pk (Z. Iqbal).

570-0232/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2011.04.017
© 2011 Elsevier B.V. All rights reserved.

scavenging free radicals, chelating having metals, restoration
of other antioxidants, and controlling regulatory proteins and
genes essential for normal healthy life [6].  It is a cofactor for
mitochondrial alphaketo-acid dehydrogenase, crucial prosthetic
group of various cellular enzymes, chelating agent for heavy
metals poisoning, and a scavenger of various free radicals such as
hydroxyl radicals, hypochlorous acid, peroxyradicals, superoxide
radicals, and singlet oxygen [1,2,5,7–11].  Lipoic acid restores
others antioxidants of the body antioxidant network including
glutathione, coenzyme Q10 and vitamins C and E to their reduced
state and maintains body antioxidant capacity [4,12,13]. It is an
effective therapeutic agent in so many diseases including diabetes,

mitochondrial cytopathies, cardiovascular diseases, hepatitis,
cataract, radiation damage, HIV infections, heavy metal poisoning,
neurodegenerative disorders, and neurovascular abnormalities
associated with diabetic neuropathy [3,14].  Due to its extensive

dx.doi.org/10.1016/j.jchromb.2011.04.017
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
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study protocol has been approved by the ethical committee of
Department of Pharmacy, University of Peshawar. The collected
Fig. 1. (a) and (b) Chemical structures of LA & DHLA.

nd multidisciplinary role in human health, a specific, quick and
obust method of analysis is required that can be easily applied
y standard research and clinical laboratories for simultaneous
etermination of its oxidized and reduced forms. The quantifica-
ion of lipoic acid (both oxidized and reduced forms) is helpful in
iochemical, nutritional and pharmacokinetic studies especially
elated to its homeostatic, and antioxidant role in human health
5].

Several chromatographic methods have been reported for the
uantification of lipoic acid and its metabolites in pharmaceuti-
al dosage forms [10,15], body fluids [1,5,16], and food samples
17]. Among the reported analytical methods for the determination
f lipoic acid in the body fluids include thin layer chromatogra-
hy (TLC), high performance liquid chromatography (HPLC), gas
hromatography (GC), polarography, colorimetric and microbio-
ogical assay, liquid chromatography mass spectrometry (LC-MS)
1,3,18,19], gas chromatography mass spectrometry (GC-MS) and
apillary electrophoresis [20,21].  Though GC-MS has been reported
o be a suitable and powerful tool for the quantification of LA in
ody fluids but it is expensive and its use is not common in most of
he laboratories [5,15].  HPLC is one of the most suitable and proper

ethod for quantification of lipoic acid in biological fluids owing
o its high accuracy, sensitivity, and simplicity regarding sample
reparation and treatment procedures in routine laboratory prac-
ice [22]. HPLC linked with ultraviolet [23], fluorescence [5,24,25]
nd electrochemical detectors [16,22,26,27] has been used for the
valuation of lipoic acid in food supplements and biological sam-
les. The major demerits associated with HPLC-UV method are the
bsence of strong chromophore in lipoic acid and its comparatively
ower sensitivity [15]. HPLC with fluorescence detection, offers a
ood method for the determination of �-lipoic acid in biological
uids but its lengthy and time consuming derivitization and sample
reparation steps are laborious [5,24].  HPLC with electrochemi-
al detection method is therefore seems to be an ultimate choice
n terms of sensitivity, shorter analysis time and lower cost for

ost of the standard research laboratories to quantify �-lipoic acid
n biological fluids in comparison with other literature reported

ethods [3,5,15,18–21,23,24]. To our knowledge only a few HPLC
ethods with fluorescence detection have been reported for the

imultaneous determination of LA and DHLA in biological fluids
nd pharmaceuticals samples [5,13],  and no HPLC–ECD method for
he simultaneous determination of LA and DHLA in biological fluids
as been reported so for.

The aim of our presented work was to develop a fast, sensitive
nd robust HPLC–ECD method for the simultaneous determination
f LA and DHLA in human plasma with internal standard calibrated
IS) method. This suggested method is fast and inexpensive in com-
arison with other literature reported HPLC–ECD methods for the
etermination of lipoic acid in human body fluids [16,22]. The
ethod was found suitable for the quantification of LA and DHLA

n human plasma using a simple single step liquid–liquid extrac-
ion. The method can also be applied for routine analysis of LA and

HLA in pharmaceutical dosage forms and dietary supplements
ith suitable adjustment in the extraction technique.
 879 (2011) 1725– 1731

2. Experimental

2.1. Chemicals and reagents

Alpha Lipoic acid (ALA), dihydrolipoic acid (DHLA) and retinyl
palmitate were purchased from Sigma–Aldrich (Oslo, Norway).
Naproxen sodium was a kind gift of Saydon Pharma Pvt. Ltd.
(Peshawar, Pakistan). HPLC grade acetonitrile, methanol, and
analytical grade potassium dihydrogen phosphate (KH2PO4), phos-
phoric acid (H3PO4), dichloromethane, ethyl acetate, diethylether
and hydrochloric acid were also purchased from Sigma–Aldrich
(Oslo, Norway). Distilled water prepared with Millipore (Milford,
USA) distillation apparatus was  used throughout the studies for
preparation of solutions and buffer.

2.2. Equipments

The chromatographic analysis was  performed using a Perkin
Elmer HPLC system (Norwalk, USA) consists of a pump (series
200), on-line vacuum degasser (series 200), autosampler (series
200), column oven (series 200), linked by a PE Nelson network
chromatography interface (NCI) 900 with a DECADE II Electrochem-
ical Detector (Antec Leyden, Netherlands), that contains Flexcell
flow cell of an effective volume of 0.5 �l and comprises of three
electrode configuration with a working glassy carbon electrode,
a HyREF reference electrode (REF) and the auxiliary electrode
(AUX), KCl Ag/AgCl. The whole HPLC system was controlled by
Perkin Elmer Total Chrom Workstation Software (version 6.3.1).
The data was  obtained and evaluated using this software. The sep-
aration was achieved through Discovery HS C18 RP-HPLC column
(250 mm × 4.6 mm,  5 �m;  Bellefonte, USA), guarded by a Perkin
Elmer C18 (30 mm × 4.6 mm,  10 �m;  Norwalk, USA) pre-column
guard cartridge.

2.3. Chromatographic conditions

HPLC separation of LA, DHLA and IS was achieved using elec-
trochemical detector in DC mode at detector applied potential of
1000 mV.  The mobile phase comprised of acetonitrile and 0.05 M
potassium dihydrogenphosphate (pH 2.4, adjusted with 85% phos-
phoric acid) in the ratio of (52:48, v/v), was  applied at the flow rate
of 1.5 ml/min maintaining the column oven and detector temper-
ature at 30 ◦C. The sample (20 �l) was  injected into HPLC system
through autosampler.

2.4. Preparation of standard solutions

Stock solutions of LA, DHLA and naproxen sodium (IS) quality
control standards each 1 mg/ml  were prepared in the mobile phase.
The stock solutions were further diluted with the mobile phase
and dilutions in the range of 0.050–1 �g/ml and 0.500–10 �g/ml
for LA and DHLA, respectively, were obtained keeping the concen-
tration of the IS constant (1.0 �g/ml). These stock solutions were
then stored at −20 ◦C until analysis.

2.5. Sample preparation

Blood samples were collected in the ethylene diamintetraacetic
acid (EDTA) tubes from the healthy volunteers (Pharmacy Grad-
uates in Department of Pharmacy, University of Peshawar, aged
20–25 years) who  had given their informed consent. The whole
blood was centrifuged at 14,500 rpm (2000 × g) for 15 min  at 4 ◦C
to separate the plasma. The plasma was stored at −20 ◦C till
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urther analysis. Plasma samples were thawed at room temper-
ture and volume (250 �l) was transferred to plastic eppendorf
ube (≈2 ml), spiked with suitable concentrations of LA and DHLA
o prepare dilutions in their respective concentration range of
.05–1 �g/ml and 0.500–10 �g/ml. The volume (25 �l) of internal
tandard (10 �g/ml) was added to each eppendorf tube (≈2 ml)
ontaining LA and DHLA spiked samples to make IS concentra-
ion 1 �g/ml in each sample. Protein precipitation was achieved
ith acetonitrile (500 �l), and after vortexing for 1 min the targets

ompounds were extracted with 1 ml  dichloromethane through
imple liquid–liquid extraction procedure. The resulting mixture
as then vortexed and centrifuged at 1860 × g at −10 ◦C for 10 min,

he organic layer was separated and dried under nitrogen at 40 ◦C.
he dried residue was  reconstituted with 250 �l mobile phase,
ortexed and centrifuged again. The transparent supernatant was
ollected and a volume (20 �l) was injected into HPLC system
hrough autosampler. The prepared samples were analysed and
alibration curves were constructed in their respective calibration
anges.

.6. Chromatographic conditions optimizations

The following chromatographic conditions were optimized for
he quantification of oxidized and reduced lipoic acid using RP-
PLC–ECD system in isocratic mode.

.6.1. Detector potential optimization
The detector potential was applied in the range of 600–1100 mV.

he voltammogram was constructed between applied potential
nd detector response. The detector potential at which all the
nalytes showed optimal response was selected as the optimized
otential for the simultaneous determination of both LA and DHLA.

.6.2. Mobile phase optimization
Organic solvents including methanol, acetonitrile, tetrahydo-

urane (0.05%) and phosphate buffer (0.025–0.05 M)  in different
omposition were applied for the separation of LA and DHLA and
nally acetonitrile: 0.05 M phosphate buffer pH 2.4, adjusted with
hosphoric acid, was selected for the analysis of both analytes. The
eak responses of LA and DHLA were recorded against all combi-
ations of acetonitrile: 0.05 M phosphate buffer (pH 2.4, adjusted
ith phosphoric acid) (50:50; 52:48; 55:45; 60:40). The mobile
hase composition that eluted the target peaks in a shorter time
ith greater sensitivity and peak resolution was selected.

.6.3. Flow rate optimization
For the selection of optimal flow rate, mobile phase was  pumped

t different flow rates in the range of 1–2 ml/min. The flow rate of
he mobile phase that resulted better separation of targets com-
ounds was selected for the simultaneous determination of LA and
HLA.

.6.4. Temperature optimization
Temperature is an important parameter that greatly affects

he chromatographic analysis. To study its effect on the analysis
f studied compounds column oven temperature variations were
valuated in the range of 25–45 ◦C. The observed changes in the sen-
itivity, retention time, and peak resolution of targets compounds
ith respect to temperature were recorded from the resulted chro-
atograms of studied compounds.

.6.5. Extraction solvent optimization

Extraction of lipoic acid (both oxidized and reduced) and IS from

lasma samples was carried out through applying a simple single-
tep liquid–liquid extraction procedure. Liquid–liquid extraction
as carried out using different organic solvents including ethyl
 879 (2011) 1725– 1731 1727

acetate (EA), dichloromethane (DCM), diethyl ether (DEE), acetoni-
trile, and a 50:50 mixture of DCM:DEE to obtain the maximum
recovery of both analytes and IS. Plasma samples 250 �l each were
spiked with 0.5 and 1.0 �g/ml of LA and DHLA each and 1 �g/ml
IS. These samples were then vortex-mixed for 10 min, and after
extraction were analysed through HPLC. The recoveries were deter-
mined at two concentration levels of LA and DHLA each. The solvent
that resulted better recoveries for all the analytes was  chosen as
extraction solvent.

2.6.6. Selection of internal standard
Various compounds including vitamin A palmitate, retinyl

acetate, tocopherol acetate and naproxen sodium were assessed
to be used as an internal standard. Among all these compounds the
one that showed better resolution and instrumental response along
with compatability to the studied analytes was chosen as internal
standard. In the present method naproxen sodium has been used
as an internal standard.

2.7. Method validation

In order to validate the proposed method various parame-
ters such as specificity, accuracy, precision, sensitivity, linearity,
recovery, limits of detection (LOD), limit of quantitation (LOQ),
robustness, and stability of samples were evaluated.

The specificity of the proposed chromatographic method was
evaluated through analysis of both the analytes in mobile phase,
blank plasma, and 1:1 mixture containing 1 �g/ml each of LA, DHLA
and naproxen sodium and plasma samples spiked with 1 �g/ml of
each analyte and IS.

Percent recovery was used to determine the accuracy of the
suggested method. The % recoveries at two concentration levels
of all the analytes were determined through spiking the plasma
(250 �l) with 0.5, and 1.0 �g/ml of each analyte and 1 �g/ml of IS in
triplicate. Recoveries were determined according to the following
equation:

Recovery = [C] × 100
[A] + [B]

(1)

where A = response ratio of the analyte with respect to IS in the
mobile phase; B = response ratio of analyte with respect to IS in the
control plasma; C = response ratio of the analyte with respect to IS
in spiked plasma.

To assess the linearity of the method calibration curves were
constructed at six concentrations points of each analyte in the
mobile phase and spiked plasma samples. Calibration curves were
obtained by plotting the response ratios (ratios of peak areas of
analyte to internal standard) of each analyte against its respective
spiked concentrations using a linear least squares regression. The
slope (m), intercept (b), and correlation coefficient (r) were cal-
culated for each analyte from regression equation of its resulting
plot.

Precision studies were carried out on the basis of injection
repeatability and analysis repeatability of spiked plasma samples.
Injection repeatability was  evaluated through repeated injection
(n = 10) of plasma sample spiked with 1 �g/ml of each analyte
and internal standard into HPLC. The retention time and peak
area repeatability data obtained as mean, standard deviation (±SD)
and covariance (% RSD), was expressed as a measure of preci-
sion of the method. Analysis repeatability was evaluated through
analysing plasma samples (n = 5) spiked with 1 �g/ml of each ana-

lyte and internal standard, prepared individually from same human
plasma and the results obtained in terms of recovered amount were
expressed by mean, standard deviation (±SD), and covariance (%
RSD).
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Fig. 4. Hydrodynamic voltammogram showing the effect of various applied detector
electrode potentials on the peak response of LA, DHLA and IS.
ig. 2. Effect of mobile phase (ACN: KH2PO4) compositions on the elution of ana-
ytes.

The intra-day and inter-day studies were evaluated through
nalysing plasma samples spiked with appropriate amount of each
nalyte and IS (1 �g/ml), at 8:00, 16:00, and 24:00 h, for one week at
hree alternate days. The results were expressed as mean, standard
eviation (±SD), and covariance (% RSD). The recovered amounts
ere calculated using the following equation:

 = X

Y
× A

B
× Cs × FD (2)

here X and Y are peak areas of each analyte in plasma samples
nd 1:1 mixture, respectively; A and B are peak areas of the internal
tandard in 1:1 mixture and plasma samples, respectively; Cs is the
oncentration of analyte in the 1:1 mixture; and FD is the dilution
actor.

The sensitivity of the method was determined by quantifying
he limit of detection (LOD) and limit of quantification (LOQ) for
oth LA and DHLA. The limit of detection (LOD) of the analyte is
he concentration at which signal-to-noise ratio (S/N) is three and
imit of quantification (LOQ) is the concentration of analyte that
roduced a response equal to 10 times the value of signal-to-noise

atio (S/N). For LOD and LOQ quantification dilutions of LA and
HLA were prepared in the range of 0.1–5 ng/ml and 1–20 ng/ml,

espectively. The LOD and LOQ for both LA and DHLA were

Fig. 3. Effect of mobile phase flow rates on the separation of analytes.
Fig. 5. Representative chromatograms showing LA, DHLA and IS in blank plasma
(A), spiked plasma (B), and 1:1 mixture (C).

then determined from their respective chromatograms through
software.
The robustness/ruggedness of the reported method was  tested
through small purposeful changes in the various chromatographic
conditions, like mobile phase composition (±2%), column oven
temperature (±5 ◦C), and flow rate of mobile phase (0.2 ml/min).

Fig. 6. Calibration curves of lipoic acid (LA).
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Fig. 7. Calibration curves of dihydrolipoic acid (DHLA).

Stability studies of LA and DHLA standard stock solutions and
piked plasma samples stored at 25 ◦C, 4 ◦C, and −20 ◦C were carried
ut for one month. The % stability was calculated by the following
quation.

 Stability = St

S0
× 100 (3)

here St is the stability of analyte at time t, and S0 is the stability
t initial time.

. Results and discussion

The proposed method for the determination of LA and DHLA in
uman plasma using naproxen sodium as an internal standard is
imple, fast, and reproducible. HPLC separation of LA, DHLA and

aproxen sodium was obtained within 9 min  with reasonable sen-
itivity. Some unknown compounds have been co-extracted with
he applied extraction procedure without any interference with the
arget compounds. The proposed method was optimized regarding

able 1
oncentration range, linearity, accuracy, repeatability, recovery, and sensitivity of the dev

S/No. Parameters 

1 Concentration range (ng/ml) 

2  Linearity
(a) Standard solutions

Regression equation 

Correlation coefficient, r 

(b)  Spiked plasma samples
Regression equation 

Correlation coefficient, r 

(c)  Corrected plasma samples
Regression equation 

Correlation coefficient, r 

3  Accuracy (% recovery)
0.5 �g/ml 

1.0  �g/ml 

4 Precision
Repeatability

(a)  Injection repeatability
Retention time (min) 

Peak  area, 1 �g/ml 

(b) Analysis repeatability
(amount recovered, 1 �g/ml) 

5  Recovery (amount recovered, �g/ml)
0.5 �g/ml 

1.0  �g/ml 

5.0  �g/ml 

6 Sensitivity
(a)  Limit of detection (ng/ml) 

(b) Limit of quantification (ng/ml) 
 879 (2011) 1725– 1731 1729

different chromatographic conditions and experimental parame-
ters and validated in accordance with standard guidelines.

3.1. Optimization of chromatographic conditions and
experimental parameters

The experimental parameters and chromatographic conditions
were optimized for the proposed method and this method was
found suitable for the simultaneous determination of LA and DHLA
in human plasma. Mobile phase comprised of acetonitrile and
0.05 M phosphate buffer (pH 2.4 adjusted with phosphoric acid)
in the ratio of (52:48, v/v), presented better resolution and sen-
sitivity along with shorter retention times of analytes. The time
of elution of all the analytes decreased by increasing the ratio
of acetonitrile, however co-elution of LA and DHLA has been
observed (Fig. 2).

Similarly, mobile phase flow rate was  adjusted 1.5 ml/min as
better peaks shape and separation of all the analytes and IS
were observed at this flow rate. Retention times of both ana-
lytes decreased at higher flow rates however the peaks resolution
decreased at higher flow rates as the peaks of LA and DHLA were
co-eluted (Fig. 3).

The detector voltage of 1000 mV  was  chosen as the optimum
potential for the evaluation of LA, DHLA, and IS as all these ana-
lytes resulted good instrumental response at this voltage. From the
voltammogram it is apparent that highest instrumental responses
for LA, DHLA and naproxen sodium were observed at 1000 mV.
The responses of DHLA and naproxen sodium greatly decreased
by lowering the detector voltage and below 700 mV these were
not detectable as shown in Fig. 4. Optimization of column oven
temperature was based on better sensitivity, good resolution, and
shorter retention times of studied compounds (LA, DHLA and IS).
The sensitivity and retention times of analytes and internal stan-
dard were greatly influenced by column oven temperature. Peak

response increased and retention time decreased of both analytes
and internal standard up to 30 ◦C, while above that temperature res-
olution of peaks decreased although there was a great reduction in
the retention times of all the analytes. The peaks of both the com-

eloped method.

Lipoic acid (LA) Dihydrolipoic acid (DHLA)

0.050–1000 0.500–10,000

y = 0.059x + 16.42 y = 0.000x + 0.170
0.999 0.999

y = 0.059x + 11.85 y = 0.000x + 0.022
0.999 0.999

y = 0.059x + 9.07 y = 0.000x − 0.006
0.999 0.998

96.50 ± 2.59; 2.68 97.41 ± 1.73; 1.78
95.43 ± 1.56; 1.63 94.65 ± 2.03; 2.14

5.80 ± 0.22; 3.79 6.5 ± 0.14; 2.15
2,168,094 ± 25,664; 1.18 40,468 ± 1536; 3.79

0.9424 ± 0.0182; 1.93 0.8972 ± 0.0165; 1.84

0.476 ± 0.015; 3.15 (95.20%) 0.465 ± 0.007; 1.50 (93.00%)
0.934 ± 0.014; 1.49 (93.40%) 0.917 ± 0.026; 2.84 (97.10%)
4.853 ± 0.241; 4.96 (97.06%) 4.675 ± 0.218; 4.66 (93.5%)

0.500 3
3.000 10
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Table 2
Intra-day and inter-day studies performed for Lipoic acid and Dihydrolipoic acid.

S/No. Parameters Alpha-lipoic acid Dihydrolipoic acid

Mean ± SD; % CV Mean ± SD; % CV

1 Intra-day repeatability
0.5 �g/ml (amount recovered, �g/ml) 0.473 ± 0.014; 2.959 0.453 ± 0.019; 4.194
0.8  �g/ml (amount recovered, �g/ml) 0.765 ± 0.018; 2.352 0.778 ± 0.013; 1.670
1  �g/ml (amount recovered, �g/ml) 0.965 ± 0.008; 0.829 0.864 ± 0.014; 1.620

2 Inter-day repeatability
0.5 �g/ml (amount recovered, �g/ml) 0.452 ± 0.014; 3.097 0.442 ± 0.012; 2.714
0.8  �g/ml (amount recovered, �g/ml) 0.765 ± 0.019; 2.483 0.734 ± 0.016; 2.179
1  �g/ml (amount recovered, �g/ml) 0.864 ± 0.023; 2.662 0.792 ± 0.045; 5.681

Table 3
Stability study of LA and DHLA at various temperatures showing percent loss.

Analytes Stability studies showing percent loss (% loss)

Standard solutionsa Room temperature (25 ◦C) Refrigerator temperature (4 ◦C) Freezer temperature (−20 ◦C)

Lipoic acid (LA) 4.79 2.48 1.16
Dihydrolipoic acid (DHLA) 12.74 9.79 5.53
Spiked  plasma samplesa

Lipoic acid (LA) 6.52 2.94 2.24
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Dihydrolipoic acid (DHLA) 16.86 

a Note: The standard solutions and spiked plasma samples of LA and DHLA were 

ounds were sharp at 30 ◦C and the resolution of peaks decreased
bove that temperature. The peaks broadening may  be due weaken-
ng of bonds between analytes and stationary phase or some other
onfigurational changes in the molecules that occurred at higher
emperature.

Internal standard selection was based on its sensitivity, speci-
city, stability and compatibility with the studied compounds and
xtraction procedure. Among all tested compounds as internal
tandard naproxen sodium showed the better results in terms of
ensitivity, good recovery and retention time in comparison with
he other internal standards used. Liquid–liquid extraction with
arious organic solvents was applied for the extraction of the above
tudied compounds from plasma and a single-step extraction with
ichloromethane was selected as better recoveries of all the ana-

ytes were obtained.

.2. Method validation

The reported HPLC method was validated using standard guide-
ines. Our suggested method was accurate and fully validated
or the determination of both (reduced and oxidized) forms of
ipoic acid in plasma using electro chemical detector. The sep-
ration of the target analytes was obtained in 9 min, through
nalysis of standard solutions, blank plasma and spiked plasma
amples. Representative chromatograms of blank plasma, spiked
lasma and 1:1 mixture (1 �g/ml of LA, DHLA and naproxen

odium each) in mobile phase are shown in Fig. 5A–C, respec-
ively.

The calibration curves of LA and DHLA standard solutions
nd spiked plasma samples showed good linearity in the range

able 4
lasma Lipoic acid (LA) and dihydrolipoic acid (DHLA) profile of Healthy Volunteers (n = 1

Endogenous plasma LA and DHLA values obtained from healthy volunteers (n = 15)

Analytes Plasma concentration 

Concentration (ng/ml) Mean ± SD; %RSD

Lipoic acid (LA) 35 ± 5.64; 16.11 

Dihydrolipoic acid (DHLA) 173 ± 4.26; 2.46 

a Age of volunteers was in the range of 22–25 years.
11.87 7.65

 for one month.

of 0.05–1 �g/ml and 0.50–10 �g/ml, respectively. The calibra-
tion curves of LA and DHLA standard solutions, spiked plasma
samples, and corrected samples for blank plasma constructed
at six concentration levels, are shown in Figs. 6 and 7, respec-
tively. Regression equation and correlation co-efficient (r) acquired
from the calibration curves of LA and DHLA standard solutions,
spiked plasma samples, and spiked plasma samples corrected for
blank plasma were; y = 0.059x + 16.42, r = 0.999, y = 0.059x + 11.85,
r = 0.999, y = 0.059x + 9.07, r = 0.999, and y = 0.000x + 0.170, r = 0.999,
0.000x + 0.022, r = 0.999, 0.000x − 0.006, r = 0.998, respectively, as
shown in Table 1.

Percent recovery at 0.5, and 1 �g/ml concentration levels was
determined to assess the accuracy of the method and was found
96.50, and 95.43, for LA and 97.41, and 94.65, for DHLA, respec-
tively, as shown in Table 1. The injection repeatability, analysis
repeatability, and intra-day, inter-day studies for both the analytes
are presented in Tables 1 and 2, respectively. The intra-day preci-
sion (% RSD) at 0.5 �g/ml, 0.8 �g/ml, and 1 �g/ml were 2.959, 2.352,
and 0.829, for LA and 4.194, 1.670, and 1.620, for DHLA, respectively.
The inter-day precisions (%RSD) were 3.097, 2.483, and 2.662 for
LA and 2.714, 2.179, and 5.681, for DHLA at 0.5, 0.8 and 1 �g/ml,
respectively (Table 2).

Recoveries of both analytes were measured at three concen-
trations using liquid–liquid extraction. The % recoveries for LA
and DHLA using liquid–liquid extraction were in the range of
93.40–97.06% and 93.0–97.10%, respectively as shown in Table 1.

The recovery of IS determined at a single concentration of 1 �g/ml
was 94.70%.

LOD and LOQ values for both LA and DHLA were evaluated to
assess the sensitivity. The LOD and LOQ values were 0.500 and

5)a.

Minimum value Maximum value

29.47 40.66
168.75 177.47
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.00 ng/ml, for LA and 3 and 10 ng/ml for DHLA, respectively as
resented in Table 1.

The stability studies showed that the standard solutions and
piked plasma samples of both LA and DHLA were stable for at
east one month when stored at −20 ◦C. Both standard solutions
nd spiked plasma samples of DHLA were degraded rapidly in com-
arison with LA standard and spiked samples as shown in Table 3.

The robustness/ruggedness of the reported method was  tested
hrough small purposeful changes in chromatographic conditions
nd the changes in the analysis of these analytes were found neg-
igible.

. Application of the method

Lipoic acid both in oxidized and reduced form is the crucial
lement of body extracellular antioxidant defense system. The
ccurate evaluation of plasma lipoic acid and the ratio of LA/DHLA
ill provide an indication that antioxidant intervention is nec-

ssary. Our suggested and validated HPLC–ECD method will be
pplied for the assessment of oxidative stress through measur-
ng plasma concentration of lipoic acid (oxidized and reduced) in
ealthy volunteers and patients with diabetes and cardiovascu-

ar diseases. The suggested method can be easily applied for the
etermination of LA/DHLA in clinical set up and basic research
tudies to determine the etiologies of oxidative stress induced
iseases. Similarly, the method can also be used as a tool to
valuate the mechanism and effectiveness of nutritional/dietary
ntervention strategies. The data acquired from healthy volun-
eers showed best peaks resolution, and the plasma values of
ipoic acid were found in permissible range as shown in Table 4.
his suggested HPLC method can also be applied for the quantifi-
ation of lipoic acid in foods, food supplements, pharmaceutical
osage forms and others biological samples if adequate modi-
cations are made in the extraction procedure used for these
ompounds.

. Conclusion

The reported optimized HPLC–ECD method for the determi-
ation of oxidized and reduced forms of lipoic acid in human
lasma was fast, simple, economical, accurate, sensitive, pre-
ise, selective and reproducible. The method was  optimized
egarding different chromatographic conditions and validated
ccording to standard guidelines [28]. The reported method

as validated on the basis of specificity, sensitivity, linearity,

tability, precision, recovery, robustness and system suitabil-
ty. The reported method is rapid (short analysis time), precise,
ccurate, economical and is based on single step liquid–liquid

[
[
[
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extraction procedure in comparison with other reported meth-
ods [16,22]. The reported method was  successfully applied for
the determination of plasma lipoic acid (oxidized and reduced)
concentration in human volunteers as shown in Table 4. This
method can also be found quite suitable for the investigation of
lipoic acid in biological matrices as well as in pharmacokinetic
studies.
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